Assuming a concordance cosmology with present-day Hubble parameter H 0 = 70 km s −1 Mpc −1 , density parameter of matter Ω M = 0.3, and density parameter of the cosmological constant Ω L = 0.7. †M ⊙ represents the solar mass (1.989 × 10 30 kg).
entry 15) initiate catalysis of the reactions, effectively affording the endo-Diels-Alder (7) adduct in 62% [Fe(II)-knot] and 82% [Zn(II)-knot] and Michael adduct (5) in 83% [Fe(II)-knot] and 98% [Zn(II)-knot] yields, respectively (figs. S6 to S9).
Further evidence that the catalysis arises from in situ formation of the trityl cation by abstraction of a bromide anion into the knot cavity was provided by treating a solution of trityl bromide with [Fe 5 2](PF 6 ) 10 . Ultraviolet-visible spectroscopy confirmed the presence of the trityl carbocation (fig. S14), showing its characteristic twin absorption features at l = 425 and 405 nm, while 1 H NMR spectroscopy and mass spectrometry confirmed the contemporaneous formation of [Fe 5 2•Br](PF 6 ) 9 . In contrast, treating trityl bromide with the demetallated form of pentafoil knot 2 did not generate the carbocation (fig. S20 ), and no catalysis was observed upon the addition of 3 and 4 or 6 (tables S1 and S2, entry 12).
The binding of one type of molecular species (an effector) to induce structural change and alter binding or catalysis at a second site-allosteric regulation-is a central part of the enzyme feedback loops biology uses to maintain homeostasis (34) . Allosteric control of Friedel-Crafts reactions has previously been demonstrated by a synthetic catalyst using coordination control of hydrogen bonding sites (35) . However, treating the metalfree knot 2 with iron(II) salts led to broad 1 H NMR spectra and complex product mixtures rather than simple reformation of [Fe 5 2] , even under forcing conditions (figs. S2 and S3). The kinetics of bipy exchange at low-spin iron(II) centers is apparently too slow, given the number of intermediates and alternative unproductive pathways, for folding of the knot to the highly ordered fivefold symmetrical form to proceed within a useful time frame. In contrast, the fast and reversible coordination kinetics of zinc(II) ions allowed for allosteric initiation of the knot-promoted catalysis under mild conditions ( Fig. 4B ). Treating the metal-free knot 2 (inactive form) with Zn(BF 4 ) 2 in CD 2 Cl 2 /CD 3 OD (3/1) at 40°C for up to 12 hours [depending on the amount of Zn(BF 4 ) 2 employed] smoothly generated the halide binding Zn(II)pentafoil knot [Zn 5 2](BF 4 ) 10 Our results suggest that tying molecules in knots may prove to be a useful strategy for reducing the degrees of freedom of flexible macrocycles and chains, enabling them to adopt otherwise thermodynamically inaccessible conformations that can perform useful tasks. By analogy, it may be that one biological role of knotting is to prevent protein chains from adopting low energy, but inactive, folded states. The formation of a binding site by the organization of a long molecular strand by allosteric metal ion binding is also reminiscent of proteins. The use of a strongly halophilic, and chiral, metal-coordinated knot to promote the cleavage of carbon-halogen bonds may bring advantages of chemo-and stereoselectivity in chemical reactions traditionally promoted by silver salts. 
DISTANT GALAXIES
Detection of an oxygen emission line from a high-redshift galaxy in the reionization epoch Akio K. Inoue, 1 * Yoichi Tamura, 2 Hiroshi Matsuo, 3, 4 Ken Mawatari, 1 Ikkoh Shimizu, 5 Takatoshi Shibuya, 6 Kazuaki Ota, 7,8 Naoki Yoshida, 9, 10 Erik Zackrisson, 11 Nobunari Kashikawa, 3, 4 Kotaro Kohno, 2 Hideki Umehata, 2,12 Bunyo Hatsukade, 3 Masanori Iye, 3 Yuichi Matsuda, 3, 4 Takashi Okamoto, 13 Yuki Yamaguchi 2
The physical properties and elemental abundances of the interstellar medium in galaxies during cosmic reionization are important for understanding the role of galaxies in this process.We report the Atacama Large Millimeter/submillimeter Array detection of an oxygen emission line at a wavelength of 88 micrometers from a galaxy at an epoch about 700 million years after the Big Bang. The oxygen abundance of this galaxy is estimated at about one-tenth that of the Sun. The nondetection of farinfrared continuum emission indicates a deficiency of interstellar dust in the galaxy. A carbon emission line at a wavelength of 158 micrometers is also not detected, implying an unusually small amount of neutral gas. These properties might allow ionizing photons to escape into the intergalactic medium.
T he physical and chemical conditions of the interstellar medium (ISM) in galaxies can be revealed with forbidden atomic emission lines from the warm-phase ISM, such as ionized hydrogen (H II) regions and photodissociation regions (PDRs). A far-infrared (FIR) forbidden emission line, the [C II] 158-mm line predominantly coming from PDRs, has already been detected in many high-z objects (1, 2). Recent observations with the Atacama Large SCIENCE sciencemag.org Millimeter/submillimeter Array (ALMA) have revealed the [C II] line emission from young star-forming galaxies emitting a strong hydrogen Lya line, so-called Lya emitters (LAEs), at redshift z~5 to 6 (3, 4) . However, ALMA observations have also shown that LAEs at z > 6 have at least an order of magnitude lower luminosity of the [C II] line than that expected from their star formation rate (SFR) (4-7), suggesting unusual ISM conditions in these high-z LAEs (8) .
Herschel observations of nearby dwarf galaxies, on the other hand, have revealed that a forbidden oxygen line, [O III] 88 mm, is much stronger than the [C II] line in these chemically unevolved galaxies (9) (10) (11) . The Infrared Space Observatory and the Japanese infrared astronomical satellite AKARI have detected the [O III] line from the Large Magellanic Cloud and from many nearby galaxies (12, 13) . However, the [O III] line has rarely been discussed in a high-z context, because of the lack of instruments suitable to observe the redshifted line. Only a few detections from gravitationally lensed dusty starburst galaxies with active galactic nuclei at z~3 to 4 have been reported (14, 15) prior to ALMA. On the other hand, simulations predict that ALMA will be able to detect the [O III] line from star-forming galaxies with reasonable integration time even at z > 8 (16) .
To examine the [O III] 88-mm line in high-z LAEs, we performed ALMA observations of an LAE at z = 7.2, SXDF-NB1006-2, discovered with the Subaru Telescope (17) . We have also obtained ALMA data of the [C II] 158-mm line of this galaxy.
[The observations and the data reduction are described in (18) .] The [O III] line is detected with a significance of 5.3s (Fig. 1A) , and the obtained line flux is 6.2 × 10 -21 W m -2 ; the corresponding luminosity is 3.8 × 10 35 W ( Table 1 ). The [C II] line is not detected at the position of the [O III] emission line, and we take the 3s upper limit for the [C II] line flux as <5.3 × 10 -22 W m -2 . However, we note a marginal signal (3.5s) that displays a spatial offset (≈ 0.4′′ ≈ 2 kpc in the proper distance) from the [O III] emission ( fig. S4 ). The continuum is not detected in either of the ALMA bands, resulting in a 3s upper limit of the total IR luminosity of <2.9 × 10 37 W when assuming a dust temperature of 40 K and an emissivity index of 1.5.
The spatial distribution of the ALMA [O III] emission overlaps with that of the Subaru Lya emission (Fig. 1A) , as expected because both emission lines are produced in the same ionized gas. On the other hand, the Lya emission is well resolved (the image resolution is 0.4′′) and spatially more extended than the [O III] line. This is because Lya photons suffer from resonant scattering by neutral hydrogen atoms in the gas surrounding the galaxy. The systemic redshift of the galaxy is estimated at z = 7.2120 ± 0.0003 from the [O III] emission line at an observed wavelength of 725.603 mm. The Lya line is located at Dv Lya = +1.1 (±0.3) × 10 2 km s -1 relative to the systemic redshift ( Fig. 1C and fig. S6 ). This velocity offset, caused by scattering of neutral hydrogen, is relatively small by comparison to those observed in galaxies at z~2 to 3 (Dv Lya3 00 km s -1 ), given the ultraviolet (UV) absolute magnitude of this galaxy (M UV = −21.53 magAB) (19) (20) (21) . The observed small Dv Lya of SXDF-NB1006-2 may indicate an H I column density of N H I < 10 20 cm -2 (21, 22) . SXDF-NB1006-2 is in the reionization era where only the intergalactic medium (IGM) with a high hydrogen neutral fraction may cause an observation of Dv Lya ≈ +100 km s -1 (23), implying an even smaller H I column density in the ISM of this galaxy.
We performed spectral energy distribution (SED) modeling to derive physical quantities such as the SFR of SXDF-NB1006-2 (Table 1 ). In addition to broadband photometric data from the United Kingdom Infra-Red Telescope (UKIRT) J, H, and K bands, Spitzer 3.6-mm and 4.5-mm bands, and Subaru narrowband photometry NB1006 (table S3) line flux favors an oxygen abundance of 5% to 100% that of the Sun, but rejects 2% and 200% of the solar abundance at >95% confidence. The obtained oxygen abundance is similar to those estimated in galaxies at z~6 to 7, for which UV C III] and C IV emission lines were detected (24, 25) . Because~1 million years is insufficient to produce the inferred oxygen abundance, the galaxy must have had previous star formation episodes. Therefore, the derived stellar mass of~300 million solar masses is regarded as a lower limit. We obtain ã 50% escape fraction of hydrogen-ionizing photons to the IGM in the best-fit model. Such a high escape fraction, although still uncertain, may imply a low H I column density of~10 17 cm -2 (26) or porous structure in the ISM of the galaxy.
The [O III]/far-UV luminosity ratio of SXDF-NB1006-2 is similar to those of nearby dwarf galaxies with an oxygen abundance of 10% to 60% that of the Sun (Fig. 3A) , which suggests that the oxygen abundance estimated from the SED modeling is reasonable and chemical enrichment in this young galaxy has already proceeded. On the other hand, the dust IR continuum and the [C II] line of SXDF-NB1006-2 are very weak relative to those of the nearby dwarf galaxies (Fig. 3, B those of nearby spiral galaxies (10) and are at least one order of magnitude smaller than those of SXDF-NB1006-2. The high [O III]/IR ratio of SXDF-NB1006-2, despite a degree of chemical enrichment (or so-called metallicity) similar to that of the nearby dwarf galaxies, indicates a very small mass fraction of dust in elements heavier than helium (or dust-to-metal mass ratio) in SXDF-NB1006-2. The dust deficiency of this galaxy is in contrast to the discovery of a dusty galaxy at z ≈ 7.5 (27) , suggesting a diversity of the dust content in the reionization epoch. Because the [C II] line predominantly arises in gas where hydrogen is neutral, the nondetection of the [C II] line in SXDF-NB1006-2 suggests that this young galaxy has little H I gas.
We also compared the observed properties of SXDF-NB1006-2 with the galaxies at z = 7.2 in a cosmological hydrodynamic simulation of galaxy formation and evolution (18) . This simulation yielded several galaxies with a UV luminosity similar to that of SXDF-NB1006-2 ( fig. S10 ). Relative to these simulated galaxies, SXDF-NB1006-2 has the highest [O III] line luminosity, a similar oxygen abundance, and a lower dust IR luminosity by at least a factor of 2 to 3. This indicates a factor of >2 to 3 smaller dust-to-metal mass ratio within the ISM of SXDF-NB1006-2 relative to that in the simulated galaxies, where we assumed the dust-to-metal mass ratio of 50% as in the Milky Way ISM (28) . Therefore, the dust-to-metal ratio of SXDF-NB1006-2 is implied to be <20%. The dustto-metal ratio is determined by two processes: (i) dust growth by accretion of atoms and molecules onto the existing grains in cold dense clouds, and (ii) dust destruction by supernova (SN) shock waves consequent upon star formation (28) . The dust-poor nature of SXDF-NB1006-2 may be explained by rapid dust destruction due to its high SN rate or by slow accretion growth due to a lack of cold dense clouds in the ISM.
In the context of cosmic reionization studies, the most uncertain parameter is the product of the escape fraction of ionizing photons and the emission efficiency of these photons, f esc x ion (29) . From the SED modeling, we have obtained log 10 [f esc x ion (Hz erg -1 )] = 25.44 −0.84 +0.46 for SXDF-NB1006-2 (18) . This ionizing photon emission efficiency is strong enough to reach (or even exceed) the cosmic ionizing photon emissivity at z~7 estimated from various observational constraints on reionization (29) by an accumulation of galaxies that have already been detected (M UV < −17), although this (30) . Circles with error bars represent data of nearby dwarf galaxies (9) (10) (11) ; inverted triangles with error bars are averages of nearby spiral galaxies (13) . The arrows at the right-side axis show luminosity ratios of dusty galaxies at z~3 to 4 whose oxygen abundances have not yet been measured (10, 14, 15) . does not rule out contributions of fainter, currently undetected galaxies to the ionizing emissivity. The ISM properties of SXDF-NB1006-2, with little dust and H I gas, may make this galaxy a prototypical example of a source of cosmic reionization. 
QUANTUM INFORMATION
Single-qubit gates based on targeted phase shifts in a 3D neutral atom array Yang Wang, Aishwarya Kumar, Tsung-Yao Wu, David S. Weiss* Although the quality of individual quantum bits (qubits) and quantum gates has been steadily improving, the number of qubits in a single system has increased quite slowly. Here, we demonstrate arbitrary single-qubit gates based on targeted phase shifts, an approach that can be applied to atom, ion, or other atom-like systems. These gates are highly insensitive to addressing beam imperfections and have little cross-talk, allowing for a dramatic scaling up of qubit number. We have performed gates in series on 48 individually targeted sites in a 40% full 5 by 5 by 5 three-dimensional array created by an optical lattice. Using randomized benchmarking, we demonstrate an average gate fidelity of 0.9962 (16) , with an average cross-talk fidelity of 0.9979(2) (numbers in parentheses indicate the one standard deviation uncertainty in the final digits).
T he performance of isolated quantum gates has recently been improved for several types of qubits, including trapped ions (1-3), Josephson junctions (4), quantum dots (5), and neutral atoms (6) . Single-qubit gate errors now approach or, in the case of ions, surpass the commonly accepted error threshold (error per gate < 10 -4 ) (7, 8) for fault-tolerant quantum computation (9) (10) (11) (12) . It remains a challenge in all these systems to execute targeted gates on many qubits in close physical proximity to one another with fidelities comparable with those for isolated qubits (13, 14) . Neutral atom and ion experiments have to date demonstrated the most qubits in the same system, 50 and 18 respectively (15, 17) . The highestfidelity gates in these systems are based on microwave transitions, but addressing schemes typically depend on either addressing light beams (6, 15, (18) (19) (20) , which are difficult to make as stable as microwaves, or magnetic field gradients (2, 21), which limit the number of addressed qubits. Here, we present a way to induce phase shifts on atoms at targeted sites in a 5 by 5 by 5 optical lattice that is highly insensitive to addressing laser beam fluctuations. We further show how to convert targeted phase shifts into arbitrary single-qubit gates.
